The Alpine nappe stack in the Penninic-Austroalpine boundary zone in the Rätikon (Austria) contains a 4×1 km tectonic sliver of meta-diorite, known as the Schwarzhorn Amphibolite. It was deformed and metamorphosed in the amphibolite facies and is unconformably overlain by unmetamorphic Lower Triassic sandstone, indicating pre-Triassic metamorphism. Cataclastic deformation and brecciation of the amphibolite is related to normal faulting and block tilting during Jurassic rifting. Zircon dating of the Schwarzhorn Amphibolite using LA-ICP-MS gave a U-Pb age of 529+9/-8 Ma, interpreted as the crystallization age of the protolith. Geochemical characteristics indicate formation of the magmatic protolith in a supra-subduction zone setting. The Cambrian protolith age identifies the Schwarzhorn Amphibolite as a pre-Variscan element within the Austroalpine basement. Similar calc-alkaline igneous rocks of Late Neoproterozoic to Early Cambrian age are found in the Upper Austroalpine Silvretta Nappe nearby and in several other Variscan basement units of the Alps, interpreted to have formed in a peri-Gondwanan active-margin or island-arc setting.
Introduction
The present study concerns the Schwarzhorn Amphibolite, a sliver of meta-diorite exposed in the Penninic-Austroalpine boundary zone in the Tilisuna area, NE Rätikon (Fig. 1) . Field relations suggested a pre-Mesozoic age for the metamorphic overprint and in consequence also for the protolith (Nagel 2006) . It was therefore interpreted as part of the Variscan basement of the Lower Austroalpine nappes. So far, the reported protolith ages in Lower Austroalpine basement units are Carboniferous and Permian (Spillmann & Bü-chi 1993; von Quadt et al. 1994) . Here, we determine the protolith age of the Schwarzhorn Amphibolite and the tectonic setting in which its magmatic precursor was emplaced.
Geological outline
A stack of Lower Penninic to Upper Austroalpine nappes is exposed along the Penninic-Austroalpine boundary in eastern Graubünden (Switzerland) and adjacent Vorarlberg (Austria). The structurally deepest position is occupied by Lower Penninic Bündnerschiefer and flysch units, the highest by Upper Austroalpine crystalline basement with its locally preserved Mesozoic sedimentary cover. The trace of this boundary is characterized by an eastward embayment of the Penninic into the Austroalpine; the Prättigau half-window ( Fig. 1 inset) . Imbricated along the Penninic-Austroalpine boundary, thin nappes and slices of Middle Penninic, Upper Penninic and Lower Austroalpine origin are exposed.
South of the Prättigau half-window, Upper Penninic and Lower Austroalpine nappes exhibit remnant Jurassic-age structures of the non-volcanic passive continental margin of the Adriatic continent. Kinematics and architecture of Early to Middle Jurassic rifting and the subsequent opening of the Piemont-Ligurian Ocean have been extensively studied in the last decades (Eberli 1988; Froitzheim & Eberli 1990; Froitzheim & Manatschal 1996; Handy 1996; Mohn et al. 2010 Mohn et al. , 2011 . Penninic and Austroalpine nappes in SE Graubünden were assigned to their former positions on the margin. The Platta and Malenco Nappes display the oceancontinent transition. The Err Nappe represents a distal remnant of the Adriatic passive margin, characterized by westward (oceanward) dipping normal faults, whereas the Bernina Nappe occupied a more proximal position on the margin (Froitzheim & Manatschal 1996; Mohn et al. 2011) .
From Middle Jurassic to Cretaceous times, stacking of the Austroalpine nappes was the result of the closure of the Meliata Ocean, southeast of Adria (Neubauer et al. 2000; Missoni & Gawlick 2011) , and the following intracontinental shortening. This first orogenic event led to mainly W-to NW-directed thrusting. It was followed by the Eocene closure of the Penninic oceanic basins between Europe and Adria which resulted in the formation of the present day Penninic-Austroalpine nappe stack Müller et al. 1999) . During this Early Tertiary collision, the Nagel (2006) . Red dots with numbers indicate the sample localities. The inset in the lower left corner shows a geological sketch map of the north-western part of the Eastern Alps. Red frame indicates the map area.
The nappe stack in the Tilisuna area
The Tilisuna area (Figs. 1 & 2) is characterized by a northdipping nappe stack of Middle Penninic to Upper Austroalpine units, starting in the South with the Middle Penninic Sulzfluh Nappe (von Seidlitz 1906; Tollmann 1970; Burger 1978; Biehler 1990; Nagel 2006) . It represents the sedimentary cover of the Briançonnais continental spur and comprises mainly Upper Jurassic platform carbonates, discordantly overlain by thin, often reddish, pelagic marls (Couches Rouges) of Late Cretaceous to Paleogene age (Allemann 1952) .
To the north follows the Arosa Zone, comprising units derived from the Piemont-Ligurian Ocean. It is divided into three subunits, from bottom to top: (1) the lower mélange, consisting of a clay matrix with embedded slivers of Middle Penninic as well as Upper Austroalpine origin (von Seidlitz 1906; Stahel 1926) ; (2) the Cenomanian-Turonian Verspala flysch (Oberhauser 1983) ; (3) the upper mélange, comprising a matrix of mainly serpentinite and clasts of Upper Penninic and Lower Austroalpine origin (Nagel 2006) .
To the North, the upper mélange is overlain by the ca. 4 km long and 1 km thick Schwarzhorn slice (Fig. 3) . It follows the general SE-NW strike in the area from the Gampadels valley in the southeast to Grünes Eck in the northwest and builds the peak of Schwarzhorn (Fig. 1) . The dominating lithology, making up two thirds of the Schwarzhorn slice, is the Schwarzhorn Amphibolite. The mineral composition reflects a dioritic to quartzdioritic magmatic predecessor which experienced amphibolite facies overprint. The fabric of the Schwarzhorn Amphibolite shows strong variations and reaches from strain-free domains where primary magmatic structures are preserved to amphibolites with a welldeveloped foliation. A pre-Mesozoic age of this metamorphism is indicated by the much lower, anchizonal overprint of the Mesozoic sedimentary cover (Ferreiro Mähl-mann & Giger 2012) .
The sedimentary cover of the basement rocks is preserved on the northern and eastern margins of the Schwarzhorn slice. Despite the strong deformation, typical pre-, syn-, and post-rift sedimentary successions can be identified (Fig. 4) . In the Gampadels valley, the cover of the meta-diorite starts with Scythian quartzites and sandstones, followed by dolomites and claystones of probably Late Triassic age (Nagel 2006) . This pre-rift succession is discordantly overlain by strongly deformed Late Jurassic to Cretaceous post-rift sediments (von Seidlitz 1906; Furrer 1985) . Sediments related to the syn-rift stage (Early to Middle Jurassic) are scarce. A small outcrop northeast of the Schwarzhorn shows a well bedded breccia with sedimentary components derived from the pre-rift sequence, and greenish granite components (Nagel 2006) . The breccia rests on cataclastic basement rocks and is covered by post-rift sediments.
Along the northern and southeastern margins of the Schwarzhorn slice, two cataclastic fault zones are attributed to Jurassic rifting. Therefore the Schwarzhorn slice is interpreted as an eastward tilted block of the Jurassic passive margin, bounded by two westward dipping normal faults (Fig. 4) (Nagel 2006) . Such faults are also known from the Lower Austroalpine Err Nappe further south (Eberli 1988; Froitzheim & Manatschal 1996) . Based on these observations, Nagel (2006) attributed the Schwarzhorn slice to the Lower Austroalpine nappe system as formerly proposed by Cadisch (1923) , while other authors treated it as part of the Arosa Zone (Richter 1958; Biehler 1990; Ferreiro Mählmann 1994) .
The Walser slice overlies the Schwarzhorn slice and represents gneissic and granitic basement with remnants of Mesozoic cover. It is in a similar structural position as the Lower Austroalpine Bernina Nappe in SE Graubünden (Nagel 2006) . The southern (SMZ) and the northern Mittagsspitz Zone (NMZ) follow to the north. They comprise Mesozoic sedimentary rocks. The SMZ is in a similar structural position as the Allgäu Nappe of the Northern Calcareous Alps, whereas the NMZ is connected with the Lechtal Nappe. The NMZ represents the inverted sediment cover of the Phyllitgneiss Zone, a Variscan basement unit connected with the Silvretta Nappe.
Samples and analytical methods
Samples of Schwarzhorn Amphibolite were collected along the northwestern and the southern flank of the peak Schwarzhorn (Fig. 1) . We sampled a representative suite to cover nearly undeformed, well foliated and catalastic domains respectively (Table 1) . Petrological, geochemical and geochronological analyses were carried out at facilities of the Steinmann Institute, Bonn.
Rock samples were petrographically investigated by thinsection microscopy and electron-microprobe analysis (EMPA). The microprobe analyses of main and accessory minerals were carried out on a JEOL 8200 Superprobe. Whole rock major and trace element contents were measured by X-ray fluorescence (XRF) on Li 2 B 4 O 7 -fluxed fusion discs (PANalytical-Axios spectrometer). Volatile-free mass proportions were recalculated to 100%.
For U-Pb zircon geochronology, a large aliquot of sample SH1 was crushed, milled and sieved before applying magnetic and heavy-liquid separation techniques. The processing of ca. 10 kg of meta-diorite yielded 407 zircon crystals. Optically clear, inclusion-and crack-free zircon was handpicked under the binocular microscope and mounted in epoxy resin. After polishing down to half section, cathodoluminescence imaging was performed to reveal the internal textures. Established methods for U-Pb data acquisition (Kooijman et al. 2012) were adapted for application at the Steinmann facilities. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses were carried out using a Resonetics RESOlution M50-E 193nm excimer-laser coupled to a Thermo Scientific ELEMENT XR SF-ICP-MS. A comprehensive list of instrument settings and analytical strategy is provided in the online supplement (S1)*. In short, the gas blank was recorded for 27 seconds followed by the ablation for 30 seconds with a laser spot size of 33 µm with 10 Hz repetition time and a fluency of 9 J/cm 2 . In order to avoid surface-related contamination, each spot was pre-ablated by three shots with a spot size of 58 µm. For laser-induced downhole fractionation, mass bias and instrument drift were corrected by normalizing to the 91500 zircon reference material (Wiedenbeck et al. 1995 (Wiedenbeck et al. , 2004 . Raw-data was processed using the reduction scheme VizualAge in Iolite 2.5 (Paton et al. 2011; Petrus & Kamber 2012) . The stacking of measured signals in Iolite revealed an instability of element ratios during the first 6 seconds, and this time interval was excluded from data regression. Furthermore, a few reversely discordant analyses were rejected.
With correction for the monitored isobaric interference of 204 Hg on 204 Pb, the signal was indistinguishable from the background. The amount of common-Pb was generally found insignificant (f206<0.5 %), as expected for the given zircon free of inclusions or cracks, and no correction for common-Pb was applied. Within-run reproducibility of the primary reference material has been propagated into the final data, provided in Table 2 . Data was plotted and population ages calculated with the help of the Isoplot plugin for Excel (Ludwig 2012) . Concerning accuracy and systematic error estimation, the Plešovice zircon (online supplement S2, S4*) returned a concordia age of 339.6±1.7 Ma (internal error) which corresponds within an error of 1% to the accepted ID-TIMS age (337.13±0.37 Ma, Sláma et al. 2008) . A systematic error of 1.5 % was propagated by quadratic addition into the final age of the unknown population. 
Petrography and mineral chemistry
The meta-diorite of the Schwarzhorn slice mainly consists of hornblende, plagioclase and quartz as main constituents and rutile, epidote, apatite and rare zircon as accessory minerals. The textural range of meta-diorite samples comprises unstrained domains with preserved primary magmatic fabrics, domains with well-developed amphibolite-facies foliation, as well as cataclastic zones.
Unfoliated meta-diorite with a primary magmatic texture is characterized by large isometric plagioclase and hornblende. Plagioclase is strongly sericitizied and shows polysynthetic twinning. Zonation and twinning are also common in hornblende. It can be divided into core (hornblende 1) and rim domains (hornblende 2). The rims are yellow-greenish and show distinct pleochroism. The cores appear dark brown to almost opaque. Small inclusions of quartz and rutile are common in core domains but absent in rims. A magmatic amphibole composition is not directly preserved but high density of rutile inclusions indicates a Ti-rich precursor. Quartz veins and up to 1mm large grains make up ca. 10 % of the rock.
In moderately foliated rocks, plagioclase is completely recrystallized into smaller grains (Fig. 5a) . The anorthitic component of plagioclase ranges from 10 % to 40 % (Table 3) .With increasing foliation, the opaque and inclusion-rich core domains of hornblende 1 are replaced by inclusion-free, acicular grains of hornblende 2. All analysed amphiboles are magnesio-hornblende and no chemical distinction could be made between core and rim domains (Table 4) . Chlorite and epidote interfinger with hornblende in rim domains (Fig. 6a) .
In rocks with cataclastic overprint, hornblende is almost completely replaced by iron-rich chlorite. Brittle fault zones are characterized by fractured components of plagioclase and epidote and a phyllitic matrix of mainly chlorite, biotite (Phl 31-55 ) and some pumpellyite. Plagioclase shows common seritization and is the main constituent. It is recrystallized in grains of up to 0.3 mm size in unfractured domains. In brittle fault zones, the Ca-plagioclase has been altered to albite (An 0.2-12 ) (Fig. 7) and epidote (saussuritization) (Figs. 5b and 6b ).
Whole-rock geochemistry
Results of XRF analyses of the Schwarzhorn Amphibolite are presented in Table 5 and Figure 8 . The total alkali versus silica plot of Wilson (1989) indicates a dioritic composition of the protolith (Fig. 8a) . A relatively large scatter of SiO 2 contents is observed and the composition ranges from SiO 2 − poor diorite (55 wt. %) to quartz diorite (68 wt. %). According to the ternary diagram of Mullen (1983) , all samples are within the island-arc tholeiite field, except for sample SH3 which plots due to its low TiO 2 content at the transition between island-arc tholeiite and calc-alkali basalt (Fig. 8b) . A supra-subduction zone setting is also suggested by the Ti/Zr diagram of Pearce et al. (1982) where samples SH1, SH2, and SH8 reflect arc lava compositions (Fig. 8c) . In the AFM diagram and the FeO * /MgO vs. SiO 2 diagram, the Schwarzhorn Amphibolite shows a calc-alkaline differentiation trend (Fig. 8d, e 
Zircon U-Pb geochronology
The zircon crystals of the Schwarzhorn Amphibolite appear under the binocular microscope inclusion free and mostly colourless, some are slightly yellowish. The size of the zircons ranges from 50 to 200 µm. Grains show typically a short to medium prismatic morphology with a widthto-length ratio of 1:1 to 1:2, and rarely 1:3. Crystal faces are mostly subhedrally developed. CL images (Fig. 9) reveal that the internal texture is dominated by broad oscillatory zoning patterns as typically found in zircons precipitated from melts (e.g. Corfu et al. 2003) . Oscillatory domains are commonly surrounded by a thin (1 to 5 µm) bright-CL rim discordantly crosscutting oscillatory zoning patterns (Fig. 9) .
The results of the U-Pb analyses of the Schwarzhorn Amphibolite are listed in Table 2 and shown in Figure 10 A -The Schwarzhorn meta-diorite is dioritic to quartz-dioritic in composition (Wilson 1989) . A supra-subduction zone setting is inferred by B -Samples reflect mainly island-arc tholeiites-affinity, (Mullen 1983) ; C -The Ti vs. Zr diagram confirms the arc lava affinity (Pearce et al. 1982) ; D -FeO/MgO vs. SiO 2 discrimination diagram indicating a calcalkaline differentiation trend (Miyashiro 1974 ); E -The AFMdiagram indicates a calc-alkaline differentiation of the Schwarzhorn meta-diorite. (Table 2) . EOL EOLOGICA CARPA  OGICA CARPA  OGICA CARPA  OGICA CARPA  OGICA CARPATHICA THICA THICA  THICA THICA, 2016 , 67, 2, 121-132 differences. Whereas the oldest age indicates some inheritance, the youngest ages tend to be discordant (Fig. 10 ) and hence are interpreted as influenced by lead-loss during a later tectono-thermal event.
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The large scatter of the dates, in combination with a relatively continuous distribution between minimum and maximum ages (Fig. 10) , impedes the selection of a population which represents the protolith age of the intrusion. To prevent a subjective bias of the population, we used the TuffZirc algorithm of Ludwig and Mundil (2002) . It primarily excludes analyses with anomalously high errors and seeks to find a representative population of ranked 206 Pb/ 238 U dates which yield a probability of fit >0.05. The medium age of this population is reported with an asymmetric 95% confidence error. The resulting population consists of 28 analyses with a 206 Pb/ 238 U-age of 529+9/-8 Ma (Fig. 10 inset) .
Discussion
Whole rock geochemical and U-Pb zircon geochronological analyses of the Schwarzhorn Amphibolite reveal that the protolith formed in a supra-subduction zone setting ( Fig. 8b-e) in the Early Cambrian. Meta-magmatic rocks of Neoproterozoic to Ordovician age are commonly found in Alpine basement units and are attributed to an active margin setting north of Gondwana. In the Austroalpine, preVariscan magmatites are reported from meta-gabbros in the Ötztal basement with 530-521 Ma reflecting MORB affinity (Miller & Thöni 1995) and from basement units south of the Tauern Window with 590−450 Ma (Schulz et al. 2004; Schulz 2008) . Neoproterozoic to Cambrian intrusives of the latter, rather reflect subduction related magmatism, whereas Ordovician magmatites are characterized by acid magmatism from crustal sources. An early stage of an active margin setting is attributed to a 590 Ma N-MORB-type basite, which is followed by more abundant volcanic arc basalts of early Cambrian age (Schulz et al. 2004) . Similarly, the Silvretta Nappe was divided into the Neoproterozoic to Lower Cambrian "older orthogneiss" and the Ordovician "younger orthogneiss" (Maggetti & Flisch 1993; Poller 1997; Müller et al. 1994 Müller et al. , 1995 Müller et al. , 1996 . Thus, the protolithic age of 529+9/-8 Ma of the Schwarzhorn Amphibolite would correspond to rock units regarded as "older orthogneisses" or "gneiss-amphibolite complexes". Although older orthogneisses summarize a heterogeneous group of rock units, ranging from granitic through intermediate to mafic and ultra-mafic gneisses and amphibolites, they are geochemically characterized by a calc-alkaline affinity. In contrast, younger othogneisses show a more alkaline affinity. The reported intrusion ages of older orthogneisses (Table 6 ) indicate two phases of increased magmatic activity in the Late Proterozoic and Early Cambrian, related to a complex active margin setting on the northern margin of Gondwana (von Quadt 1992; Kounov et al. 2012; von Raumer et al. 2003 von Raumer et al. , 2013 . The first evidence of island arc magmatism is given by the 609±3 Ma metadiorite and a 568±6 Ma calc-alkaline orthogneiss (Schaltegger et al. 1997; Müller et al. 1995) . Between 535 Ma and 520 Ma, oceanic plagiogranites infer the evolution of either back-arc or fore-arc basins but also contemporary island arc magmatism, as indicated by tholeiitic island arc basalts, calc-alkaline intermediate rocks and an S-type granitoid (Müller et al. 1995 (Müller et al. , 1996 Poller 1997; Schaltegger et al. 1997) . This is in accordance with the geochemical characteristics of the Schwarzhorn Amphibolite which suggest a supra-subduction zone setting, and in this context most probably in an island arc setting. Subsequently the Neoproterozoic to Cambrian back arc or fore arc basins were closed and the island arc and micro-continents at the Gondwana margin were involved into an Ordovician to Silurian orogeny as indicated by S-type granitoids and gabbroic intrusions in a collisional belt, namely the "younger orthogneiss units" (Liebetrau 1996; Poller 1997) .
The dominant amphibolite facies overprint (M1) of the Schwarzhorn meta-diorite may be either related to a vaguely constrained high-pressure event between 470 Ma and 530 Ma suggested by Poller (1997) , or more probably to the Variscan orogenic cycle. Ladenhauf et al. (2001) dated metamorphic domains in zircons from eclogite of the Silvretta nappe at 351±22 Ma (U-Pb SHRIMP), similar to Sm-Nd isochrons for eclogites of the Ötztal basement (Miller & Thöni 1995) . Unfortunately, the bright-Cl "metamorphic rims", crosscutting the growth-zoned Schwarzhorn metadiorite zircons, were too narrow for conventional LA-ICP-MS analyses.
Cataclastic zones of the Schwarzhorn Amphibolite comprise a low-temperature greenschist-facies mineral assemblage (M2). This is expressed by the lack of biotite, the alteration of Ca-plagioclase to albite and epidote and the replacement of amphibole by iron-rich chlorite. Coal and clay petrological studies have demonstrated that Alpine metamorphism did not exceed high-grade diagenetic conditions in the Tilisuna area (Ferreiro Mählmann & Giger 2012) . Hence, we interpret the cogenetic low-temperature greenschist facies metamorphism and cataclastic faulting as a reflection of Jurassic rifting.
We note that the preservation of rift-related structures clearly indicates that the Schwarzhorn slice is part of the Lower Austroalpine nappe system (Nagel 2006) . While "older orthogneisses" are particularly well documented from the Upper Austroalpine, the Cambrian protolith age of the Schwarzhorn Amphibolite provides the first evidence for the presence of similar rocks in the Lower Austroalpine. To date, the rare geochronological data from the Lower Austroalpine basement rocks comprises mostly Paleozoic ages linked to Variscan tectonics, which intruded in a poly-metamorphic basement (von Quadt et al. 1994) . Great petrological and geological similarities between the Schwarzhorn Amphibolite and the southward located "Gabbrozug ArosaDavos-Klosters" (Streckeisen 1948 ) of the Lower Austroalpine Dorfberg Nappe suggest a similar age of the Dorfberg Nappe basement.
Conclusion
1. U-Pb zircon geochronology of the Schwarzhorn Amphibolite yields a magmatic protolith age of 529+9/-8 Ma. 202, 204, 206, 207, 208, 232, 238 Integration time per peak 4 x 40 ms (202, 204, 207) , 4 x 10 ms (206, 208, 232) , 10 x 4 ms (238)
Integration time per reading 650 ms (65 s / 100 runs) Sensitvity 7430 cps/ppm U (238 on NIST SRM 612 at measurement conditions)
Dead time 2 ns (dead time correction applied)
Data Processing
Calibration strategy 91500 used as primary reference material, Plešovice used as secondary reference materials.
Reference material info 91500 (1065.4 ± 0.6 Ma, Wiedenbeck et al. 1995 Wiedenbeck et al. , 2004 ) Plešovice (337.1 ± 0.4 Ma, Sláma et al. 2008) Data processing package used / correction for LIEF Iolite (Paton et al. 2011 ) with DRS VizualAge 2013.02 (Petrus & Kamber 2012) . Isoplot (Version 3.75) (Ludwig 2012 ) was used for plotting and calculation of weighted mean ages.
Mass discrimination Standard-sample bracketing with ratios normalized to primary reference zircon 91500.
Common-Pb correction, composition and uncertainty Amount of common-Pb was insignificant (f206 < 0.5%), no correction applied.
Uncertainty level & propagation
Ages are quoted at 2 sigma absolute, within-run reproducibility and age uncertainty of reference material are propagated. A systematic error of 1.5 % is propagated by quadratic addition into the final population age.
Quality control / validation Plešovice: 339.6 ± 1.7 Ma (2σ, MSWD of concordance = 0.24 and probability of concordance 0.63). ii Analysis #
